Abstract Emodin is one of the most abundant anthraquinone derivatives found in nature. It is the active principle of some traditional herbal medicines with known biological activities. In this work, we combined experimental and theoretical studies to reveal information about location, orientation, interaction and perturbing effects of Emodin on lipid bilayers, where we have taken into account the neutral form of the Emodin (EMH) and its anionic/deprotonated form (EM − ). Using both UV/Visible spectrophotometric techniques and molecular dynamics (MD) simulations, we showed that both EMH and EM − are located in a lipid membrane. Additionally, using MD simulations, we revealed that both forms of Emodin are very close to glycerol groups of the lipid molecules, with the EMH inserted more deeply into the bilayer and more disoriented relative to the normal of the membrane when compared with the EM − , which is more exposed to interfacial water. Analysis of several structural properties of acyl chains of the lipids in a hydrated pure DMPC bilayer and in the presence of Emodin revealed that both EMH and EM − affect the lipid bilayer, resulting in a remarkable disorder of the bilayer in the vicinity of the Emodin. However, the disorder caused by EMH is weaker than that caused by EM − . Our results suggest that these disorders caused by Emodin might lead to distinct effects on lipid bilayers including its disruption which are reported in the literature.
Introduction
The interaction of a pharmacophore with cell membranes is a topic of great interest in biology and pharmacology due to the possible relevance in the pathway of action (Apostolova et al. 2003; Duarte et al. 2008; Peetla et al. 2009 ). There are several molecular features that govern the behavior of a drug in cell membranes such as size, shape, solubility, hydrophilicity, lipophilicity, and pK a , among others. Previously, many authors have reported studies of the interaction of drugs and membrane models with experimental technics (Nunes et al. 2011; Lucio et al. 2009; Fuchs et al. 1990 ) and molecular dynamic (MD) simulations (Robinson et al. 1995; Gabdouline et al. 1996; Smondyrev and Berkowitz 1999, 2001; Hofsäß et al. 2003; Pereira et al. 2004; Falck et al. 2006; Högberg et al. 2007; Seddon et al. 2009; Sirk et al. 2009; Boggara and Krishnamoorti 2010; Witzke et al. 2010; Orsi and Essex 2010, Koukoulitsa et al. 2011; Nitschke et al. 2012; Poger and Mark 2013; Loverde 2014; Jalili and Saeedi 2016) . In particular, studies based on drug partitioning in lipid bilayers and the thermodynamics of drug/lipid interaction have great importance in understanding the reaction mechanisms of antitumor drugs and to design new cell membrane-targeted drugs (Boggara and Krishnamoorti 2010; Jendrossek and Handrick 2003; Goldstein et al. 2011; Choi et al. 2013) .
Several drugs and molecules of biological interest that interact with the cell membrane in their acting or metabolic mechanism, respectively, have in their chemical structure hydrophilic and lipophilic groups, such as Aspirin, Ibuprofen, Lidocaine, Alprenolol, Atenolol, Pindolol, and many others. For these kinds of molecules, it is important to identify their interaction with the molecules that compose the membranes and try to understand the roles of the hydrophilic and lipophilic groups. In this direction, the MD simulations are an useful tool and can identify the location of the drug in the membrane models (Boggara and Krishnamoorti 2010; Loverde 2014; Högberg et al. 2007; Orsi and Essex 2010) . It has been adopted in theoretical studies of biological membrane models (Tieleman et al. 1997; Mark 2010, 2012) and partitioning and interaction of drugs in lipid bilayers (Fuchs et al. 1990; Omote and Al-Shawi 2006; MacCallum and Tieleman 2006; Bemporad et al. 2004 ). Indeed, MD simulations have contributed significantly to the understanding of the structure, dynamics and effects of biological molecules in lipid bilayers (Seydel and Wiese 2002; Xiang and Anderson 2006; Yamamoto et al. 2012; Rissanen et al. 2014; Almeida et al. 2017 ). However, due to the variety of classical force fields available, it is important to compare the results obtained from the simulations with the experimental data to validate the simulation force field and protocols. An example of experimental technique that can be used to obtain valuable information about the thermodynamic signatures (enthalpy, entropy, affinity and stoichiometry) of drugs with biological systems, like proteins and membranes, is the isothermal titration calorimetry (ITC) (Rajarathnam and Rösgen 2014) .
In this work, we report a study of the location, interaction and perturbing effects of Emodin on the model membrane composed by 1,2-dimiristoyl-sn-glycero-3-phosphocholine (DMPC) using experimental and theoretical techniques. Using UV/Visible spectrophotometry, we identify the location of Emodin in its neutral (EMH) and deprotonated form (EM − ) in the DMPC bilayer, comparing the halochromic and solvatochromic effects on the absorption spectra in solution. Additionally, we performed MD simulations of both EMH and EM − species in fully hydrated DMPC bilayer to elucidate in atomic detail the structural properties and interaction of these species in lipid membranes and its preferred location and orientation across the lipid environment. From the experimental and theoretical point of view, the location and the effect of EMH are compared with those obtained for EM − in the DMPC bilayer. It is shown that both EMH and EM − exhibit similar behavior in the bilayer, whereas both species are located in the head group region of the bilayer, remaining close to glycerol groups of the lipids. However, we found that the EMH is more deeply inserted in the bilayer than EM − . Furthermore, analysis of several structural properties, such as area per lipid, electron density profile, radial distribution functions, hydrogen bonds distribution and order parameters profiles of the acyl chains of the lipids in a hydrated pure DMPC bilayer and in Emodin-containing bilayers revealed that both EMH and EM − affect the lipid bilayer, resulting in remarkable disorders of the membrane in the vicinity of the Emodin. However, the effect of EM − is slightly stronger than that of EMH. Emodin (1,3,8-trihydroxy-6-methyl-9,10-anthraquinone, Fig. 1 ) is a natural anthraquinone derivative extracted from herbal medicines such as Polygonaceae, Rhamnaceae and Cassieae, which are traditionally used in Chinese medicine (Thomson 1987; Izhaki 2002; Dong et al. 2016 ). This anthraquinone has been reported to have biological activity, such as anticancer (Chen et al. 2002; Srinivas et al. 2003; Chan et al. 1993) , antibacterial (Anke et al. 1980; To 1984; Wang and Chung 1997) , antiviral (Barnard et al. 1992; Kawai et al. 1984) , anti-inflammatory (Kumar et al. 1998; Kuo et al. 2001) , diuretic and vasorelaxant effects (Koyama et al. 1988; Zhou and Chen 1988; Huang et al. 1991) . It is widely accepted that these actions take place via the inhibition of protein kinase activities (Francke et al. 1978; Hsiang and Ho 2008; Zhang and Hung 1996; Jayasuriya et al. 1992) . Recently, a review has discussed its pharmacology, toxicity and pharmacokinetics (Dong et al. 2016) .
In previous studies, UV/Visible absorption and fluorescence spectroscopy have been applied as analytical tools to study the interaction of Emodin with solvents (Pal and Jana 1993; Nguyen et al. 2008; Sevilla et al. 2009; da Cunha et al. 2014) , with biological environments like human serum albumin (HSA) (Fabriciova et al. 2004; Vargas et al. 2004) , DNA (Wang et al. 2006; Saito et al. 2012; Bi et al. 2008) , phospholipid bilayer (Alves et al. 2004 ) and with other environments Fig. 1 Chemical structure and atomic numbering of Emodin in its neutral form (EMH) like porous silicon (Hernandez et al. 2012) , silver nanoparticles (Sevilla et al. 2009 (Sevilla et al. , 2010 and some metal ions (Pal and Jana 1993) . It is known that Emodin exhibits in solution remarkable halochromic effects in absorption (Pal and Jana 1993; Nguyen et al. 2008; da Cunha et al. 2014 ) and emission spectra (Sevilla et al. 2009 (Sevilla et al. , 2010 Ghomi 2012) . Thus, the first absorption band and the emission band are shifted by several tens of wavenumbers when the pH of the solution changes from acidic to alkaline. In a recent work (da Cunha et al. 2014) , we discussed the absorption spectra of this molecule in different solvents where we showed that, in acidic aqueous solution and in common organic solvents, the main band has its maximum located around 440 nm and shows low sensitivity due to the medium. In alkaline solutions, this broad band is red-shifted, with absorption maxima, λ max , varying between 520 nm (water) and 555 nm (DMSO) depending on the solvent. It is known that these effects are a consequence of the deprotonation process of Emodin in solution (EMH → EM − + H + ). Thus, the neutral form of the Emodin (EMH) is yellow, insoluble in water, but soluble in most organic solvents, and with no solvatochromism dependence on the solvent polarity. On the other hand, the anionic/deprotonated form (EM − ) is red, soluble in water and in organic solvents, and exhibits solvatochromic effects in absorption spectra. Based on quantum mechanical calculations, we previously revealed (da Cunha et al. 2014 ) that the first deprotonation takes place at the hydroxyl substitution of carbon 3 (see Fig. 1 ). Additionally, using the UV/Visible spectrophotometric titration technique, we reported the pK a1 of Emodin in water at 8.0 ± 0.1.
From experimental and theoretical points of view, some authors have studied the Emodin in solution by spectroscopic techniques, quantum mechanical calculations and molecular simulations elucidating many structural and electronic properties of this molecule (Pal and Jana 1993; Nguyen et al. 2008; da Cunha et al. 2014; Marković and Manojlović 2009) . However, only one study has investigated the properties of neutral Emodin in phospholipid membranes (Alves et al. 2004) . Much of what is known about the behavior of Emodin in lipid membranes comes from an experimental study by Alves et al. (2004) , reporting an extensive and detailed spectroscopic and thermoanalytical study of its neutral form in model membranes. In this work, the authors used fluorescence spectroscopy to determine a phospholipid/water partition coefficient, K p of (14 ± 2) × 10 3 for neutral Emodin in the DMPC bilayer, indicating that this molecule exhibits high affinity for phospholipid membranes. They also used differential scanning calorimetry (DSC) and fluorescence spectroscopy to infer the location of neutral Emodin in the bilayer, and found that this molecule seems to be located in the head group region by affecting DMPC membranes. In addition, other experimental studies have shown that the Emodin may also confer additional effects on cancer cell membranes like cell migration (Huang et al. 2005) , invasion (Huang et al. 2004 ) and cell adhesion (Huang et al. 2006 ). However, despite these studies, little is known about the behavior of the deprotonated form in cell membranes. Further, the mechanism involved in the effect of both EMH and EM − on the lipid bilayer at a molecular level remains unknown.
Experimental details Materials
Emodin (C15H10O5; Fig.1 ), hydrochloric acid (HCl) and sodium hydroxide (NaOH), sodium biphosphate monohydrate (NaH2PO4.H2O), sodium phosphate dibasic heptahydrate (Na2HPO4.7H2O), sodium bicarbonate (NaHCO3), sodium carbonate (Na2CO3) and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and have been used without further purification. DMPC (1,2-dimiristoyl-snglycero-3-phosphocholine) was obtained from Avanti Polar Lipids (Birmingham, AL, USA), and used without further purification. Milli-Q water was used throughout.
Sample preparation
Binary mixtures of DMPC Emodin (2 mol% Emodin/DMPC, hence 50 lipids per Emodin molecule) were dissolved in chloroform. Next, this mixture was separated in different glass vials and dried under a stream of N 2 , forming lipid films at the bottom of the vials. The films were left under reduced pressure for a minimum of 2 h to remove all traces of organic solvents. Then, two lipid dispersions containing Emodin were prepared with pH = 6.0 and pH = 10.0. These pH values were selected to guarantee that the Emodin are in the neutral/ protonated form, EMH, and anionic/deprotonated form, EM − , considering the pKa = 8.0 ± 0.1 of Emodin in water (da Cunha et al. 2014) . The lipid dispersions containing predominantly EMH at pH = 6.0 were produced by the addition of sodium biphosphate/phosphate buffer obtained by mixing 10 mM NaH 2 PO 4 .H 2 O aqueous solution with 10 mM Na 2 HPO 4 .7H 2 O. Similarly, the lipid dispersions containing predominantly EM − at pH = 10.0 were produced by the addition of sodium bicarbonate/carbonate buffer obtained from the mixture of 10 mM NaHCO 3 aqueous solution with 10 mM Na 2 CO 3 . The final lipid concentration was at 1 mM. After hydration, the lipid dispersions were vortexed for~2 min followed by extrusions, 31 times, through polycarbonate filters (mini-extruder by Avanti Polar Lipids, 19-mm membranes with 100-nm pores, from Whatman, Maidstone, Kent, UK), at a temperature above the lipid phase transition of DMPC (T = 23°C) (Marsh 1990; Heimburg 2007) . This procedure was performed in order to obtain less turbid samples, with large unilamellar vesicles (LUV). , hydrated by 18,773 water molecules. For these four systems,the starting orientations of Emodin in the lipid bilayer were chosen with its long axis aligned with the bilayer normal axis (z-axis), with the methyl group C15 point to the middle of the bilayer. This orientation was selected because this it the most hydrophobic region of the molecule and it could favor the insertion of the Emodin in the bilayer.
The pure-DMPC system was constructed replicating the lipid molecule on a 13 × 13 grid on up-and-down monolayers followed by hydration with 9393 water molecules in each lipid monolayer, which correspond to approximately 55 H 2 O per lipid. To construct the systems DMPC + EMH and DMPC + EM − , we started from an equilibrated configuration of the pure-DMPC system obtained from a simulation of 150 ns, as described in the next section. To add Emodin in the pure-DMPC bilayer, we inserted either EMH or EM − removing those molecules, which overlap with Emodin. For each system containing Emodin, we generated two different initial configurations: inserting it in the center of the pure-DMPC bilayer (removing 24 lipids and 1 water molecule) and inserting it at the top of the pure-DMPC bilayer (removing 19 lipids and 13 water molecule).
Computational details of the simulations
Molecular dynamic simulations were carried out for EMH and EM − in aqueous solution and in the hydrated lipid bilayer, using standard procedures in the isothermal-isobaric NPT ensemble. The temperature of the systems was maintained constant at 30°C, using the Berendsen thermostat (Berendsen et al. 1984) , with a coupling constant of 0.1 ps. This temperature is above the phase transition temperature of DMPC (T = 296 K) (Marsh 1990; Heimburg 2007) . The pressure was kept at 1 bar by coupling to an isotropic pressure bath in solution and a semi-isotropic pressure bath in systems with the bilayer by Berendsen pressure coupling (Berendsen et al. 1984) , using an isothermal compressibility of 4.6 × 10
and a coupling constant of 1 ps. The integration of the equations of motion was performed using the leap-frog algorithm (Cuendet and van Gunsteren 2007) , with a time step of 2 fs. All the bond lengths within these molecules were constrained using the LINCS algorithm (Hess et al. 1997) . For the water molecules, we used the SPC model (Berendsen et al. 1981) and the bond and angles were constrained by the SETTLE algorithm (Miyamoto and Kollman 1992) . The non-bonded interactions within the cut-off of 1.4 nm were calculated at every step. Long-range corrections of the electrostatic interactions beyond the cut-off were calculated using the Particle Mesh Ewald (PME) method (Essmann et al. 1995) . The united atom option of GROMOS 54a7 force field (Huang et al. 2011; Schmid et al. 2011; ) was used to calculate the intermolecular and intramolecular interactions for all systems. The DMPC topology was constructed from the Automated Topology Builder (ATB) and repository (Malde et al. 2011) . The optimized structure of EMH and EM − were obtained though quantum mechanical (QM) calculations with density functional theory (DFT) (Parr and Yang 1994) using the B3LYP exchange-correlation functional (Becke 1993; Imamura et al. 2007 ) and the Pople basis set functions, 6-311++G(d,p) (Ditchfield et al. 1971) . The charge sets for EMH and EM − were calculated using the electrostatic potential fit CHELPG procedure (Breneman and Wiberg 1990) at the B3LYP/6-311++G(d,p) level of theory, in vacuum (charge set denoted as CS0) and also in an aqueous solution environment (charge set denoted as CS1) described by the polarizable continuum model (PCM) (Miertus et al. 1981) . The atomic charges CS0 and CS1 of EMH and EM − used in this work are shown in Supplementary Material and will be discussed later. Each system composed by the Emodin-DMPC bilayer was initialized with a thermalized pure-DMPC bilayer conformation obtained after 150 ns of simulation and with the Emodin in two initial positions (inside the bilayer and in the top of the bilayer; see Fig. 2 ). These two initial setup for EMH and EM − were simulate for 200 ns and all the collected data were stored at intervals of 2 ps. Regardless of the initial position of both forms of Emodin, the same results were obtained.
However, for simplicity, only the results obtained with the Emodin initially in the top of the bilayer are presented in BTheoretical Results^. Equilibration was characterized by monitoring the time evolution of energy terms and the area per lipid for systems consisting of the lipid bilayer (see Supplementary Material). As will be shown in the next section, all the systems achieved equilibrium within 50 ns, and, therefore, we used the last 150 ns of the simulations for the data analysis. All simulations were performed using the GROMACS software, v.4.5.4 (Spoel et al. 2005) , and all QM calculations were performed with the Gaussian 03 program, v.C.01 (Frisch et al. 2004 ).
Experimental results
To investigate the location of the Emodin in the lipid bilayer, we studied the halochromism and solvatochromism of this molecule in aqueous media and lipid dispersions. It is important to point out that DMPC is neutral and zwitterionic at both pH 6.0 and 10. 
, respectively. The optical absorbance curve of EMH in the lipid environment exhibits an intense absorption band centered at 446 nm, which is more intense than the absorption band of EMH in buffer solution of pH = 6.0. In this buffer, this band is weak and broad with a maximum around of the same wavelength (446 nm). As discussed before (da Cunha et al. 2014) for pH < 7.7, Emodin aggregates in aqueous solution, precipitating very quickly, and its absorption spectrum presents light scattering due the presence of these aggregates. Therefore, the observed weak and broad band on the spectrum of EMH in buffer solution of pH = 6.0 is due to the Emodin aggregation in acidic aqueous solution. Interestingly, the spectrum of EMH in lipid dispersions does not exhibit a scattering profile, indicating the absence of Emodin aggregates in the dispersions. Therefore, our results indicate that EMH is inserted into the lipid membrane, probably in the monomeric form at insertion depths, which do not allow contact with the water molecules. lipid dispersion and buffer solution, both at pH = 10. These spectra present an intense band centered at 514 nm (lipid dispersion) and 492 nm (buffer solution). Thus, the presence of EM − in the DMPC bilayer shifted the band to higher wavelengths by 22 nm. Under high pH conditions, the UV-Vis absorption spectra of the Emodin are very sensitive to the environment. In alkaline solutions, the main absorption band is red-shifted by 11 nm with a solvent change water → ethanol, by 14 nm with water → 2-propanol, 19 nm with water → acetonitrile and 34 nm with water → DMSO, as previously discussed in the supplementary material of da Cunha et al. (2014) . Therefore, the observed red shift of 22 nm in the bilayer is close to those found for changing water → acetonitrile and water → alcohols, indicating that the EM − in lipid dispersions seems to be located in an environment that mimic the polarity of acetonitrile or alcohols (ethanol and 2-propanol), probably at the polar head group region of the lipid bilayer. This fact leads us to suggest that EM − is located in the bilayer at a region that may favor strong effects on DMPC polar head groups. As shown before (da Cunha et al. 2014) , the absorption spectra of EMH is not dependent on the solvent polarity. Figure 3 (b) compares the absorption spectra of EMH in DMPC dispersion and in chloroform. Although we have chosen chloroform, any other non-aqueous solvent provides the spectral signature of EMH in the solvent (Pal and Jana 1993; Nguyen et al. 2008; da Cunha et al. 2014) . The similarity between the EMH spectra in DMPC dispersion and in organic solvents clearly indicates that EMH is inserted into the DMPC bilayer. For EM − , Fig. 3(b) shows that either the spectrum obtained in acetonitrile or in ethanol provides good agreement with the spectrum of this species in DMPC dispersion, indicating that EM − is located in the bilayer in an environment similar to these organic solvents, hence close to DMPC glycerol groups.
Theoretical results
In (Davis et al. 2009; De Young and Dill 1988; Smaby et al. 1997; Lis et al. 1982; Rand and Parsegian 1989; Koenig et al. 1997; Petrache et al. 1998; Nagle and Tristram-Nagle 2000) and V L with values of 1.09 and 1.10 nm 3 (Petrache et al. 1998; Nagle and Tristram-Nagle 2000; Sabín et al. 2009; Costigan et al. 2000) ). Thus, adding Emodin in very small concentration (either EMH or EM Considering that Emodin has both lipophilic and hydrophilic groups, its interaction with the lipid bilayer plays a significant role in understanding its biological activities. Thus, before detailing our results, we briefly focus on the stability of Emodin in gas phase and aqueous solution. As we have discussed before (da Cunha et al. 2014) , both EMH and EM − are stable in gas phase and aqueous solution with their dipole moments (μ) dependent on the environment: for EMH μ g = 2.7 D and μ aq = 3.5 D and for EM − μ g = 8.5 D and μ aq = 12.9 D, where the solvent has described in the QM calculation with the PCM model and the origin of the Cartesian coordinates was considered as the center-of-charge distribution in the case of EM − . As can be seen, there is an increase of approximately 30 and 50% of the dipole moment of the neutral and deprotonated forms of Emodin, respectively, in water compared to vacuum. Analyzing the atomic charges (see Table S2 in Supplementary Material) of the Emodin in vacuum (CS0) and in water (CS1), we identified an increase in the modules of the charges of CS1 compared to CS0. These increases were mostly observed in the three oxygen atoms of the hydroxyl groups (O1, O3 and O8) and in the two oxygen atoms of the carbonyl groups (O9 and O10). In the case of EMH, the oxygen atoms O1, O3 and O8 have almost the same charge (around −0.63 in vacuum and −0.68 in water, an increase of~8%). However, the oxygen atoms O9 and O10 have distinct charges (−0.64 and −0.49 in vacuum and −0.67 and −0.57 in water, an increase of 5% in O9 and 16% in O10). In the case of EM − , the three oxygen atoms of the hydroxyl groups have almost the same charge in vacuum (around −0.71), but became distinct in water, leaving the deprotonated oxygen more negative than the others (around −0.72 for O1 and O8 and −0.84 for O3). Therefore, the CS0 and CS1 charge sets present large differences in charge distributions, and this fact leads us to expect distinct location, interaction and structural proprieties of Emodin in the lipid bilayer. On the other hand, the CS0 charge set cannot produce an appropriate description of interaction of Emodin with the molecules of medium, because it does not distinguish the deprotonation sites. Thus, the solvent effect on the electronic polarization of Emodin is important and cannot be neglected for a good description of its interaction with the environment. For this reason, all our results will be discussed with Emodin described by the CS1 charge set, but we present in the Supplementary Material (see Fig. S3 ) the analysis of location and structural properties (electron density profile) of Emodin described by CS0 and CS1 charge sets in the lipid bilayer. The simulations showed that both EMH and EM − have the ability to insert into the membrane even for those simulations that started from initial configurations with Emodin at the top of bilayer (see Fig. 2b ). For these simulations, the species were able to insert into the bilayer in 10 ns (see Fig. S4 in Supplementary Material). The CS0 and CS1 charge sets produced almost the same location of species in the bilayer, close to the glycerol group of DMPC, but the Emodin described by the CS0 charge set is slightly more buried in the lipid bilayer compared to the CS1 charge set. Therefore, all our results will also be discussed with Emodin inserted in the lipid bilayer.
Location and orientation of Emodin in the lipid bilayer Figure 4a , b presents the time evolution for the z coordinates of center of mass (CM) of Emodin, oxygen atom O3 and methyl carbon (C15) (see Fig. 1 ), all relative to the center of the bilayer. From these figures, it becomes evident that the Emodin is in equilibrium positions in the bilayer for the last 150 ns of the simulations. The trajectories of the center of mass of both species of Emodin were compared: for EMH z CM = 1.14 ± 0.04 nm and for EM − z CM = 1.51 ± 0.04 nm. Thus, we found that the EMH is more deeply inserted in the bilayer than EM − by 0.4 nm. In addition, comparing the average positions of O3 and C15 atoms: for EMH z O3 = 1.43 ± 0.04 nm and z C15 = 0.77 ± 0.04 nm and for EM − z O3 = 1.96 ± 0.04 nm and z C15 = 1.11 ± 0.04 nm, we observed that the methyl carbon atom is closer to the center of the bilayer than O3, where the difference between the average positions of O3 and C15 atoms for EMH is Δz = 0.66 nm and for EM − is Δz = 0.85 nm. As the aromatic rings between O3 and C15 are almost rigid, these Δz values are the intramolecular O3-C15 distance projected in the z-axis (normal axis of the bilayer). Therefore, comparing these values with that one obtained directly from the optimized geometry of Emodin, Δz opt = 0.98 nm, it is easy to notice that the average orientation of Emodin in relation to the normal axis of the approximately 47°and 28°for EMH and EM − , respectively. To better understand the orientation of Emodin in the bilayer, it was analyzed by the probability distribution function of the angle, P(θ), between the C15-O3 axis and bilayer normal axis (z). The P(θ) for the EMH and EM − species are illustrated in Fig.   4c . Analyzing this figure, we identify that the Emodin species have distinct orientations in the bilayer. In the case of EMH, the probability distribution exhibits a broad peak centered at 45°a nd with maximum at 36°, revealing that this species assumes different orientations during the simulations within the range of 0-85°. In the case of EM − , the P(θ) presents a narrower distribution with a range of 0-60°and a maximum at 16°. Comparing the P(θ) for the species, it is found that neither species in the bilayer is aligned with the z-axis, but assumes preferential orientation characteristics. The most dominant orientations of the species in the bilayer have been characterized for EMH as 0 = 45 ± 20°and for EM − as θ = 16 ± 10°, where the uncertainties were estimated as the half widths of the distributions.
To characterize in more detail the location of Emodin in the bilayer, we computed the electron density profile across the bilayer (see Fig. 5 , and Fig. S5 in Supplementary Material) for the different system components and for the contributions from DMPC groups namely choline, phosphate, glycerol_1 and glycerol_2 (defined in Fig. S6 in Supplementary Material). Due to the low electron density of EMH and EM − , their profiles were scaled by a factor of 50. The figures show that the EMH and EM − are inside the lipid bilayer at positions close to the glycerol groups. However, the species EMH is slightly closer to the center of the bilayer. On close inspection, it can be seen that the electron density profiles of the EMH and EM − are approximately a Gaussian distribution, where the maximum positions relative to the center of the bilayer are dislocated at 1.14 ± 0.20 and 1.52 ± 0.30 nm, respectively. The difference between these positions is 0.4 nm, therefore in complete agreement with the value obtained from Fig. 4a , b.
Structure and interactions of Emodin with water and lipid bilayer
Structural modifications of the Emodin, especially due to breaking its intramolecular hydrogen bonds by interaction with the environment, are considered to account for the diverse biological activities of this molecule. As discussed before (da Cunha et al. 2014), the geometries of the Emodin are planar presenting intramolecular hydrogen bonds (IHB) accepted by the carbonyl oxygen at C9. It is interesting to emphasize that the break of IHB of the Emodin involves a change in the dipole moment of the EMH and EM − in the range of 1.8-4.9 D and 6.8-8.8 D in vacuum and of 2.9-6.6 D and 7.5-11.0 D in water (see Fig. S7 in Supplementary Material). Therefore, it is interesting to examine how the lipid bilayer affects the structure of the Emodin, and whether there are differences between these structures in aqueous solution and in the lipid bilayer. To investigate the structure of the species in these environments, we calculated the dihedral angle probability distribution function for the dihedral angles dh1 (C2-C1-O1-H1), dh3 (C2-C3-O3-H3) and dh8 (C7-C8-O8-H8), which are angles associated with O1H1, O3H3 and O8H8 hydroxyl groups, respectively (see dihedral in Fig. 1 ). The conformations of these angles were classified as without_IHB (0°≤ ϕ < 30°or 330°≤ ϕ < 360°), transition_IHB (30°≤ ϕ < 150°o r 210°≤ ϕ < 330°) or with_IHB (150°≤ ϕ < 210°). Figure 6 shows the dihedral angle probability distribution for the dihedral dh1 (Fig. 6a) and dh3 (Fig. 6b) of the EMH species in water and the lipid bilayer. This figure reveals that the dihedral dh3 is highly flexible, changing conformations frequently during the simulations. However, in both environments, we observed that this dihedral is more often found in the conformation with ϕ in the range of 150-210°than in the other conformations. The angles dh1 and dh8 behave similarly during the simulations of EMH in aqueous solution and in the lipid bilayer. We observed these dihedrals as rigid, remaining almost the entire time of the simulation in the with_IHB conformation, which is the conformation in which the O1H1 and O8H8 hydroxyls are forming intramolecular hydrogen bonds (H1 and H8 with O9). Our simulations reveal, however, that breaking of intra-HB of EMH and EM − depends on the environment in which the molecule is immersed, since they break more often in pure water than in the lipid bilayer. For example, the O8H8 hydroxyl of both EMH and EM − in water remain at about 68 and 91%, respectively, and in the lipid bilayer these percentages are 94 and 99%, respectively, of the total simulation time.
We also performed thae study of the interaction of the Emodin in the bilayer in terms of radial distribution functions (RDFs) of lipids and water molecules around this molecule. Figure 7 shows the RDFs of the Emodin and head groups (choline, phosphate, glycerol_1 and glycerol_2) of the lipids and of the Emodin and oxygen of the water molecules. The intermolecular hydrogen bonds (HB) between the Emodin and environmental molecules are also analyzed using the geometric criteria, considering the distance between the acceptor (A) and donor (D) atoms involved in the HB (R D-A ) and the angle between the vector defined by the acceptordonor atoms and the vector defined by the Hydrogen-donor bond (θ A-HD ). We consider an HB formation when R D-A ≤ 0.315 nm and the angle θ A-HD ≤ 30° (Canuto and Coutinho 2000; Jorgensen et al. 1983) . For the interaction between the Emodin and the lipid molecules, we find 1.00 and 0.01 hydrogen bonds for EMH and EM − , respectively, revealing that the EM − -lipid HBs are almost negligible. We have in addition analyzed the HB interactions between the EMH and DMPC groups (choline, phosphate, glycerol_1 and glycerol_2). The results show that the dominant interactions in this case are EMH-glycerol_1 and EMH-phosphate, which are responsible for 74 and 25% of all EMH-lipid hydrogen bonds, respectively. Our results also show that the interactions between the O3H3 hydroxyl and DMPC groups (phosphate and glycerol_1) are the strongest among the three hydroxyl groups, followed by O1H1 and O8H8. For these hydroxyls, we registered 88% (O3H3), 8% (O1H1) and 4% (O8H8) of all the EMH-lipid hydrogen bonds. Thus, our simulations suggest a direct correlation of conformational changes of these hydroxyls with its HB interactions. The O3H3 hydroxyl, for instance, is the most flexible with the strongest HB interactions with both lipid and water molecules, as will be shown below, whereas the O8H8 hydroxyl is most rigid with the fewest HB-interactions with environment molecules.
We also examined, in both environments, the HB between the Emodin species and water molecules. In Table 1 , we summarize the average number of HB between these groups and water molecules. The number of hydrogen bonds formed between the EMH and water molecules are 7.2 and 2.4 HB for this species in pure water and in the lipid bilayer, respectively. For EM − , however, these numbers are 9.5 and 5.7 HB. These data reveal that the HB interaction of EM − with water molecules are greater than of EMH. However, we observed a dehydration of both species in the lipid bilayer, but that for EMH is more noticeable. A detailed analysis of interactions between hydroxyl and carbonyl groups of the Emodin and water molecules revealed that, in both environments, lipid bilayer and water, the interactions of O3H3(EMH) and O3(EM − ) with water molecules are larger among all the groups analyzed (see Table 1 ). The results show that the transfer of Emodin from pure water to a lipid bilayer reducesthe average number of HB by approximately 42, 93 and 59% for the hydroxyl groups O1H1, O8H3 and O3H3 of EMH and 47, 93 and 6% for these groups in the EM − , respectively, (note that O3H3 becomes O3), revealing a strong dehydration of these groups in both species, but for EM − this effect is less pronounced. For both EMH and EM − , we observe that the dehydration of O8H8 represents double that of O1H1. This occurs mainly due to the position and orientation of these hydroxyls in the lipid bilayer, maintaining the O8H8 that is more distant from bulk water than O1H1.
It is interesting to note that the weak HB -interactions of the O1H1 and O8H8 hydroxyls with water in both environments is mainly due to the two intra-HBs formed between these hydroxyls and the C9O9 carbonyl, which reduces the interaction of the carbonyl group with water. These intra-HBs play an important role in the hydrophilic/lipophilic character of Emodin species that can be seen in the large difference between the number of inter-HB of this carbonyl group in pure water and in the lipid bilayer. There is a decrease of about 90% of inter-HB number formed between the C9O9 and water molecules for both species in the lipid bilayer. This feature, together with strong intra-HB of both EMH and EM − in the lipid bilayer, increases the lipophilic character of the Emodin and favors its stability in this amphiphilic environment.
Effect of Emodin on the lipid bilayer
We also examined the structural properties of the lipid bilayer in the vicinity of Emodin and quantified the effect of each Emodin specie in these properties. We defined this region considering the number of lipid and water molecules within a shell of radius of 1 nm around the species. This choice of 1 nm was motivated by the RDF of glycerol_1 and the electron density results discussed above. These molecules were accounted considering the shortest distance between all the atoms in the molecules (lipid or water) and the center of mass of the EMH and EM − species. Figure 8a shows the probability distributions of the number of lipids around both EMH and EM − . This figure shows that there are almost the same number of lipids around the species, about 5 for EMH and 4 for EM − . Figure 8b shows the probability distributions for the number of water around of EMH and EM − . The analysis of this figure provides about 21 and 43 water molecules around the EMH and EM − species, respectively, giving the same information obtained in the analysis of hydrogen bonds discussed above that the hydration of EM − is more than twice that of EMH. Therefore, our simulations show that the number of water molecules present in the lipid bilayer regions to interact with EM − is substantially larger than the corresponding number for EMH. Additionally, we calculated the deuterium order parameters S CD profiles (Brown 1996) of acyl chains of lipids within the vicinity of Emodin and compared them with the profiles calculated from the simulations of pure-DMPC. Figure 9 shows the |S CD | profiles of the lipid sn-1 (Fig. 9a ) and sn-2 (Fig. 9b ) acyl chains calculated from the simulations of pure-DMPC, DMPC + EMH and DMPC + EM − , considering only the lipids within the vicinity of Emodin. In all three cases, the |S CD | profiles exhibit values lower than 0.23, indicating a greater disorder of the hydrocarbon chains. In the case of pure-DMPC, our simulations reproduced the experimental (Petrache et al. 2000; Vermeer et al. 2007; Douliez et al. 1995) and theoretical Jämbeck and Lyubartsev 2012) |S CD | values of the sn-1 and sn-2 reported previously, with |S CD | profiles presenting an increase in the |S CD | values over the first five carbons of sn-1 and a plateau in the values of the correspondent atoms in the sn-2, followed by a decrease in magnitude of these parameters for the last six carbons of both the sn-1 and sn-2 acyl chains.
In the case of DMPC + EMH and DMPC + EM − , we observe a larger effect on the order parameters of the sn-1 and sn-2 acyl chains of lipids in the Emodin vicinity compared to pure-DMPC simulations. The |S CD | profiles for the system with Emodin show an increase in the order parameters of the first two carbons of sn-1 hydrocarbon chains and a disruption of the plateau region of the order parameter at the initial part of the sn-2 chains, followed by a noticeable decrease at the last nine carbons of both sn-1 and sn-2 acyl chains, compared to pure-DMPC simulations. Thus, for these carbons, the sn-1 and sn-2 acyl chains of lipids around both EMH and EM − are clearly less ordered than the correspondent chains in the pure-DMPC. However, for these carbons, the simulation with EMH yielded |S CD | values 0.01-0.04 lower than the simulations with EM − , indicating that the effect of EMH on the order parameters is substantially larger than that of EM − . Although the effect on acyl chains of the EMH species is more pronounced than EM − , this perturbing seems not to be stronger on structural properties of the lipid bilayer than the effect on the head groups caused by EM − . This becomes more evident in the comparison of the electron density profiles across the lipid bilayers for the contributions from 5 lipid molecules of the pure-DMPC bilayer and from 5 lipid Fig. 10 ). Comparing these profiles, we found that both species induce modifications in the bilayer; however, different for each species. The EMH profile is very similar to the pure-DMPC profile, in the head group region of the lipid bilayer, whereas there is a noticeable difference in the hydrophobic region. Interestingly, in the case of EM − , the electron density profiles present similarity in the acyl chains regions and large modifications in the head group region of the lipid bilayer. Furthermore, when compared with the pure-DMPC and DMPC + EMH profiles, the main peak in the density profile due to the phosphorus atoms in the vicinity of EM − is shifted by 0.4 nm toward the center of the bilayer. Thus, the EMH causes greater disorder in the acyl chains region, but the EM − causes greater perturbation in the head group region, bringing the phosphate group for a deeper position (~0.4 nm) caused by a larger amount of water molecules that penetrates the bilayer up to the glycerol region due to its interactions with the deprotonated oxygen of Emodin. Therefore, although both species of Emodin, EMH and EM − , locate inside the bilayer in the same region, near the glycerol group the EM − causes larger perturbations in the lipid bilayers.
Conclusions
In this work, we have investigated the effect of Emodin on the lipid bilayer of DMPC using experimental and theoretical techniques. We analyzed the halochromic and solvatochromic effects on absorption UV-Vis spectra of the neutral form (EMH) and the anionic/deprotonated form (EM − ) of Emodin compared with the spectra in the lipid bilayer, and we identified that the Emodin is inserted into the DMPC bilayer with the EM − at regions with polarity similar to acetonitrile/ethanol, i.e., near the glycerol group. Our results are in agreement with the experimental results obtained previously (Alves et al. 2004), which indicated that the EMH is located at the upper part of the phospholipid acyl chains in the lipid bilayer. To our knowledge, no experimental studies have been performed for EM − in a lipid bilayer. Interestingly, our results revealed that this anionic species is also located in the lipid bilayer. However, it is well known (Alberts et al. 2002; Sirka 2014 , that lipid bilayers are highly impermeable for charged molecules and their hydration shell. Using molecular dynamics simulations, we obtained detailed information of the localization of both EMH and EM − in a fully hydrated DMPC lipid bilayer in the fluid phase. We observed that both EMH and EM − described by the vacuum and aqueous solution charge distributions are buried in the lipid bilayer, specifically close to the glycerol groups of the lipids. These results are in good agreement with our experimental results discussed here, whereas they indicated that both species are located into the lipid bilayer with the EM − at regions with polarity similar to ethanol/acetonitrile. We have compared the location and orientation of EMH and EM − in the bilayer by monitoring various structural properties. We found that both species have similar locations in the bilayer. However, the EMH is inserted more deeply (~0.4 nm) into the bilayer. Considering the orientation, the EMH is more bent than EM − compared with the normal z-axis of the bilayer, θ = 45 ± 20°a nd 16 ± 10°, respectively, causing later perturbations in the acyl chains orientations. We have also compared the structural properties of Emodin in the lipid bilayer and in pure aqueous solution. We observed that both EMH and EM − are more rigid (considering the rotation of the hydroxyl groups) in the bilayer than in aqueous solution. Then, in the amphiphilic environment, the intramolecular hydrogen bonds became stronger and this structural characteristic decreases the dipole moment of the Emodin, causing an increase in its lipophilic character and favoring its stability in lipid environments. We have also revealed the hydrogen bonding interactions of both EMH and EM − with lipid and water molecules in the lipid bilayer and in the aqueous solution. We found nearly 1 and 0 lipid molecules forming hydrogen bonds with the EMH and EM − in the bilayer, respectively. In the case of water, we found nearly 7 and 9 water molecules bonded to the EMH and EM − in pure water, while in the bilayer, these numbers were 2 and 6 water molecules bonded to the Emodin species, respectively. Therefore, our results revealed a dehydration of Emodin in the bilayer when compared with pure water. However, this dehydration is significantly stronger for the EMH (~70%) than for the EM − (~30%). The effect of Emodin species on the bilayer was also analyzed with respect to a hydrated pure-DMPC bilayer. Considering only the nearest five lipid molecules around the species in the hydrated bilayers DMPC + EMH and DMPC + EM − , we obtained that both, EMH and EM − , affect the lipid bilayer in the vicinity of Emodin, and are responsible for changes in structural properties such as the order parameters |S CD | profiles of the acyl chains of the lipids and the electron density profiles, both properties obtained of the five lipids around the species. The EMH affects the lipids bilayer more in the nonpolar region, whereas EM − induces more perturbations in the head group region. Thus, the neutral EMH causes greater disorder in the acyl chains region, but the anionic EM − causes greater perturbation in the head group region bringing the phosphate group for a deeper position (~0.4 nm), caused by a larger amount of water molecules (~6 H 2 O) that penetrate the bilayer up to the glycerol region due to their interactions with the deprotonated oxygen of Emodin. Therefore, although both species of Emodin, EMH and EM − , locate inside the bilayer in the same region, near the glycerol group, the lipid bilayer is more affected by the EM − compared with the EMH. These disorders caused by Emodin should cause distinct effects on lipid bilayer including the disruptive effects that have been previously reported in some phospholipid bilayer (Alves et al. 2004; Huang et al. 2006) . Further, the diversity of biological activities attributed to Emodin, such as antibacterial, anti-inflammatory, antiviral and anticancer cell migration and invasion may be also related to its disruptive effect on biological membranes.
To give a wider perspective of the results obtained with MD simulations for molecules of biological interest, which have hydrophilic and hydrophobic groups interacting with phospholipid bilayers, we now compare our results with some results previously obtained by other authors. We select papers that studied molecules that have some chemical groups similar to Emodin, such as aromatic and alkyl rings (hydrophobic groups) and hydroxyl and carbonyl groups (hydrophilic groups). A summary is presented in Table 2 . It can be seen that all the simulations identify the location of the molecule inside the bilayer regardless of the force field and lipid type. In some cases, more than one location was found to be stable, as for instance Limonene, Perillyl alcohol, Perillaldehyde, Perillic acid (Witzke et al. 2010) , and Diploptene and Bacteriohopanetetrol (Poger and Mark 2013) , which are partitioned in the bilayer changing from one location to another. Other molecules, like Fusidic acid (Falck et al. 2006) , uncharged Lidocain (Högberg et al. 2007 ) and Emodin (this work), prefer the head-tail interface near the ester or glycerol groups of the lipid. For those molecules that were studied in the neutral form (uncharged) and deprotonated form (charged), in general the uncharged form are located deeper in the bilayer, as expected.
In this work, we have emphasized that as important as the identification of the location of the molecule in the lipid bilayer is to understand the roles of the hydrophilic groups of the molecules. We have identified two major effects: one is the hydrophobic character of the molecule which can increase or decrease depending on the relative orientation of the hydroxyl groups in the amphiphilic environment that modify its dipole moment and, consequently, its interaction with the lipid and the water molecules; and the other is the amount of water that penetrates in the bilayer together with the molecules and causes great distortion of the head groups distribution in the vicinity of the molecule that can induces disruption of the bilayer in a larger concentration.
